A piezocone dissipation test interpretation method for hydraulic conductivity of soft clays  by Ansari, Yousef et al.
H O S T E D  B Y The Japanese Geotechnical Society
Soils and Foundations
Soils and Foundations 2014;54(6):1104–1116http://d
0038-0
nCor
E-m
Yousef
Richard
Daicha
Peerx.doi.org/1
806/& 201
respondin
ail addre
.Ansari@u
.Meriﬁeld
o.Sheng@
review un.sciencedirect.com
: www.elsevier.com/locate/sandfwww
journal homepageA piezocone dissipation test interpretation method for hydraulic
conductivity of soft clays
Yousef Ansaria,n, Richard Meriﬁeldb, Daichao Shenga
aARC Centre of Excellence for Geotechnical Science and Engineering, Faculty of Engineering and Built Environment,
The University of Newcastle, Callaghan, NSW 2308, Australia
bCentre for Geotechnical and Materials Modelling, University of Newcastle, Callaghan, NSW 2308, Australia
Received 6 August 2013; received in revised form 8 July 2014; accepted 15 August 2014
Available online 10 January 2015Abstract
An alternative approach is developed in order to estimate the hydraulic conductivity of soft ﬁne grained soils, based on numerical simulation of
the full penetration and dissipation process for piezocones. Unlike previous methods of analysis, the process of penetration and dissipation has been
explicitly simulated, thus eliminating several of the simpliﬁcations inherent in existing interpretation methods such as geometric approximations,
predeﬁned stress ﬁelds or neglecting material compressibility. The presented method is not established upon a particular set of data leading to limited
applicability, but is rather developed using a more general approach and can be extended to other datasets if intended. Given the time to 50%
consolidation and a number of inﬂuencing soil parameters, a single estimate of the soil horizontal permeability can be obtained via a single-run
piezocone sounding using pore pressure measurements taken at the shoulder ﬁlter element (u2) located immediately behind the cone.
The proposed interpretation method embodies many of the key parameters (namely the soil shear strength, soil rigidity, and soil conﬁning
stresses) likely to inﬂuence the soil behaviour and thus the parameter to be interpreted. Numerical analyses demonstrated that the rate of
dissipation increases as the soil rigidity or the soil conﬁning pressure increases, which is a consequence of higher excess pore pressure gradient at
higher depths or at larger rigidities. The method, which involves a new excess pore pressure normalisation technique, is applicable to both
monotonic and dilative dissipation data. The proposed interpretation method is compared to a series of experimental data including two recent
ﬁeld tests. Although the method was calibrated against only a select few cases, its applicability to a wide range of clayey soils was veriﬁed.
& 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Piezocone dissipation test data are currently interpreted using
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der responsibility of The Japanese Geotechnical Society.charts, derived from recorded ﬁeld measurements and laboratory
test results (Parez and Fauriel, 1988; Robertson et al., 1992;
Tavenas et al., 1982), or are evaluated through associating the
collected dissipation data with some analytical (unique) normal-
ised dissipation curves (Baligh and Levadoux, 1986; Gupta and
Davidson, 1986; Senneset et al., 1982; Teh, 1987; Teh and
Houlsby, 1988, 1991; Torstensson, 1977; Chung et al., 2014)
which in general, are introduced by breaking down the complex
problem to a simpler one, e.g., cavity expansion (Baligh and
Levadoux, 1986; Torstensson, 1977) and strain path (Baligh,Elsevier B.V. All rights reserved.
Fig. 1. Typical piezocone dissipation test – monotonic vs. dilative dissipation
response (u2 position).
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bility and proper stress path due to cone penetration (Teh and
Houlsby, 1988, 1991). More importantly, all these categories in
interpretation methods are only applicable to monotonically
decreasing dissipation curves. For dilative or ‘non-standard’
dissipation curves (see Fig. 1), these methods cannot be directly
applied. For tests with dilative dissipation data, analytical (Burns
and Mayne, 1998) and semi-analytical methods (Sully and
Campanella, 1994) have been proposed.
Nonlinear ﬁnite element methods less-frequently have been
used to develop new methods of estimation and interpretation.
Only during the last decade have numerical methods been
incorporated in piezocone penetration tests and in dissipation
tests, and to either develop new methods of interpretation
(Silva et al., 2006; Voyiadjis and Song, 2003) or improve
existing methods (Chai et al., 2012). The multi-penetration rate
interpretation method developed by Silva et al. (2006) and the
‘dual-point’ excess pore pressure measurement method by
Voyiadjis and Song (2003) are principally derived from the
numerical modelling of penetration problems. These methods,
however, require multiple piezocone penetrations with various
rates or dual-sensor simultaneous pore pressure measurements
during piezocone sounding and are hence of limited practical
use. In addition, the above-mentioned interpretation methods
obtain a range of values for the interpreted parameter and
require some geotechnical judgement to come to a conclusion.
Chai et al. (2012) takes advantage of a numerical model
to modify the time component for cases of dissipation data
with dilative response. Their analysis, however, embraces
uncoupled radial consolidation analysis and relies upon the
analytical method of Teh and Houlsby (1991) to obtain an
estimate of the horizontal coefﬁcient of consolidation.
In this paper, both piezocone penetration and dissipation tests
are directly modelled using large deformation ﬁnite element
analysis, where the most signiﬁcant features of the problem,
namely, the material, geometry and boundary nonlinearities as
well as coupling between displacements and pore pressure are
taken into account. Subsequently, a new method for interpreting
dissipation data is presented in which a dissipation time of
interest is linked to the soil permeability value. Modiﬁcation
factors are proposed in order to neutralise the effect of
inﬂuencing soil parameters on the dissipation data. The soil
permeability is eventually valuated by implementing the so-
called modiﬁed dissipation time into a time – permeability
linkage which is derived using the numerical modelling of the
piezocone dissipation test. This new interpretation method is
intentionally kept simple, by adopting simple modi-
ﬁcation factors to account for the effects of important soil
parameters. This approach will help facilitate the use of the
proposed interpretation method in engineering practice. The
approach undertaken in this study does not rely robustly on
speciﬁc experimental data or analytical approximations, but is
rather established upon a general numerical model with mini-
mum simpliﬁcations/assumptions, which provides higher accu-
racy. This method proposes a single-run piezocone sounding
with single pore pressure measurement at the cone shoulder
element (u2) which is of more practical convenience. It alsoobtains a single-value estimation of the soil permeability, instead
of a range of values. The ﬁnite element model and the new
interpretation method are compared against existing data in the
literature as well as two recent ﬁeld measurements.1.1. Dissipation data normalisations
Dissipation data require some type of normalisation in order
to examine the changes in the dissipation response with respect
to the changes in the soil parameters or testing conditions.
These normalisations apply to either the excess pore pressure
component or the time component, or in some cases, to both.1.1.1. Normalisation of excess pore pressure
A common normalisation method for excess pore pressure is
based on the initial value of excess pore pressure measured at
the ﬁlter elements (Teh and Houlsby, 1991; Torstensson, 1977)
in the form of
U ¼ utu0
uiu0
¼ Δut
Δui
ð1Þ
where u0 is the initial hydrostatic pore pressure; ui is the pore
pressure at the beginning of the dissipation; and ut is the pore
pressure at time t. Other normalisation methods have also been
introduced (Gupta and Davidson, 1986; Senneset et al., 1982;
Teh, 1987), but are not widely used in practice.
As illustrated in Fig. 1, the dissipation response is not
necessarily monotonic and the initial excess pore pressure at
the u2 position is not necessarily the maximum value. Dilative
dissipation behaviour is observed when the pore pressure
measurement is carried out via porous elements behind the
cone. Dilative dissipation data can be attributed to a number of
factors, the more recognised ones being the conﬁned dilation
due to shearing of the soil adjacent to the shaft body for
overconsolidated clays, the redistribution of the initial excess
pore pressure after a halt in penetration, the unloading stress
path that any soil element experiences when travelling from
the cone face to the cone shoulder, and the partial saturation of
Table 1
MCC soil parameters.
Case λ κ γt (kN/m
3) M eo Ko φ0 k (m/s)
MCC1 0.25 0.018 19 1.8 1 0.3 44 Var.a
MCC2 0.06 0.01 23 1 1 0.56 26 Var.a
MCC3 0.365 0.03 20 1.4 1.55 0.43 35 Var.a
MCC4 0.33 0.06 15.5 1.4 2 0.43 34.8 Var.a
MCC5 0.14 0.012 16.6 0.9 2 0.45 33.5 Var.a
MCC6 0.135 0.02 15.1 1.1 2.5 0.53 28 Var.a
MCC7 0.09 0.018 15.1 0.85 2.5 0.62 22 Var.a
Abu-Farsakh et al. (1998) 0.11 0.024 16 1.2 1.0 0.5 – 5 109
MCC8 0.161 0.062 20 0.89 1.83 0.61 – 1010
MCC9 0.26 0.05 15.5 1.02 2.91 0.56 – 108
MPCPTb 0.11 0.024 16.7 1.2 1.0 1.0 7.4 109
BBC(R)c 0.189 0.035 18 1.34 1.12 0.48 5 1010
Bothkennard 0.365 0.03 18 1.42 1.55 0.61 1010
aVarying values.
bKurup et al. (1994) and Abu-Farsakh et al. (2003).
cWhittle et al. (2001).
dLehane and Jardine (1992).
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during cone penetration within the unsaturated zone.
Normalisation of the excess pore pressure based on its
maximum value is subsequently selected in this study:
U ¼ utu0
umaxu0
¼ Δut
Δumax
ð2Þ
where umax is the maximum pore pressure during the dissipa-
tion time.1.1.2. Time normalisation
The objective of time normalisation is usually to eliminate
the changes in the dissipation curves with respect to changes in
soil permeability. Accordingly, the following dimensionless
time is proposed in this study:
T ¼ k  t
r
ð3Þ
where k is the soil permeability and r is the cone radius.2. Numerical modelling of cone penetration
2.1. Finite element mesh and geometry
In this study, the penetration of a reference piezocone from
the ground surface is modelled as an axi-symmetric problem.
Coupled displacements are carried out with pore pressure taken
into consideration, or in other words, a consolidation analysis
is carried out. The penetrometer is treated as an impermeable
rigid body. The commercial ﬁnite element package, ABAQUS,
is employed to model the penetration of the cone into the soft
soil. Previous applications of ABAQUS to penetration pro-
blems can be found in the literature e.g. Chai et al. (2012),
Sheng et al. (2005). The geometric effects due to large
deformations are accommodated using the non-linear geometry
analysis option.Soil behaviour is represented using the modiﬁed Cam clay
(MCC) model. In spite of the availability of more advanced
soil models, the MCC model is selected because it captures
some principal features of soft clay behaviour, e.g., variation in
soil characteristics such as soil shear strength, the overconso-
lidation ratio, and shear modulus with depth, and yet has
relatively few parameters. In selecting MCC soil parameters,
an attempt is made to cover a broad range of typical soil
properties such as: the rigidity index, shear strength, and in-situ
mean effective stress. The work presented in this paper is the
summary of a greater number of ﬁnite element analyses, including
13 MCC cases selected from published works and internal reports.
Only those 7 cases with more distinctive dissipation responses are
presented. It is anticipated the material properties outlined in
Table 1 (MCC1–MCC7) represent a broad range of cohesive soils.
A master/slave surface to surface contact approach formu-
lates the contact between two surfaces. The rigid piezocone is
chosen as the master surface. The soil surface is discretised
using a ﬁner mesh to help solution convergence. An isotropic
Coulomb friction model deﬁnes the frictional behaviour of the
contact surfaces. A frictionless interface is assumed between
the cone and the soil. More details about Coulomb frictional
model implementation can be found in the ABAQUS 6.7 User
Manual (ABAQUS/Standard User's Manual, 2001).
A cylinder of soil with a radius of 14d and a height of 84d
(d is the cone diameter¼3.57 cm) is modelled for general
simulations. A non-uniform mesh is applied to the soil body.
The mesh is reﬁned as it approaches the axis of symmetry,
where the cone comes into contact with the soil body. This is
essential in order to obtain solution convergence and also to
improve the accuracy of the analysis. The reference cone has a
surface area of 10 cm2 and a cone angle of 601. This rigid cone
is modelled using eight-noded axisymmetric elements (CAX8R)
and the soil is discretised using eight-noded axisymmetric pore
pressure elements (CAX8RP). Pilot analyses revealed that by
using full-integration elements (CAX8P) to discretise the soil
body, numerical failure as a consequence of element locking is
Fig. 2. Geometry of the model and mesh.
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with hourglassing control was thus employed for discretising
soil body, as it exhibits a more efﬁcient performance in
such cases.
Unlike previous numerical studies with the cone ‘wished-in’
a pre-bored hole, the cone is initially hung over the top of the
soil mesh prior to penetration. Consequently, the initial
geostatic stress ﬁeld and hydrostatic pore pressures better
represent the in-situ condition prior to penetration. Drainage is
allowed only through the top boundary of the soil during all
steps of the analysis and all the other boundaries are set as
impermeable. The ﬁnite element mesh and geometry of the
problem are shown in Fig. 2. The mesh in Fig. 2 does not
represent the ﬁnal mesh for all cases: the ﬁnal mesh for each
particular case was created by readjusting this mesh until a
solution convergence was reached. The soil nodes along the
cone–soil interface are allowed to move in the vertical and
radial directions. A vertical displacement with a rate of 20 mm/
s is prescribed to the piezocone to simulate the penetration
process. The cone position remains unchanged during the
consolidation step.
For each case outlined in Table 1, the dissipation data is
derived numerically by penetrating the cone to a certain depth
(42d) and then allowing for the excess pore pressure to
dissipate. Dissipation data are obtained for penetrations in
the range of 1 m, 3 m, 5 m, 9 m, 11.5 m, and 22.5 m for each
MCC soil. For each case, only 1.5 m (42d) of the piezocone
penetration is numerically modelled and the remaining depth
of penetration is replaced with a uniform surcharge at the top
boundary of the ﬁnite element mesh. This was mainly to avoid
the signiﬁcant computational cost when modelling penetrations to
very large depths. Therefore, for a 3m penetration of the piezocone
into the MCC1 clay, a uniform surcharge of 15.28 kPa (¼γ0MCC1
γ0MCC1 1.5 m) is applied at the ground surface while the
remaining 1.5 m penetration depth is simulated by the ﬁnite
element model.
For all cases, the initial condition is applied to the model
through a geostatic step where the groundwater level is
assumed to be at the level of ground surface. In Table 1, the
at-rest earth pressure coefﬁcient is selected to be a function of
effective stress friction angle, φ0, via the following equation
(Jaky, 1944):
Ko ¼ 1 sinφ0 ð4Þ
The empirical Eq. (4) is used throughout this study to estimate
Ko wherever no experimental evaluation is available. According
to Federico et al. (2008), reasonable agreements exist between
Eq. (4) and actual experimental values of Ko. It is generally
assumed that Ko remains constant during the penetration step
and does not vary with the changes in the stress.
2.2. Outline of the numerical results
In order to identify the inﬂuence of various soil parameters on
the dissipation response, seven different cases with varying soil
parameters have been selected (Table 1). For each case, perme-
abilities vary between 1014 m/s and 107 m/s, assumingisotropic hydraulic conductivity. This assumption was made for
simplicity and is consistent with many naturally deposited
sediments of clay where the ratio kh/kv is often close to 1
(Tavenas et al., 1982).
Based on the parametric test runs, the most sensitive
parameters that affect the rate of excess pore pressure dissipa-
tion are the soil rigidity index (Ir), the at-rest earth pressure
coefﬁcient (Ko), in-situ vertical effective stress (σ'vo) and over-
consolidation ratio (OCR). Pilot analyses revealed that when
the soil OCR increases, higher excess pore pressure develops,
at a more localised zone in the soil around the penetrometer. A
higher degree of soil overconsolidation comes with higher pore
pressure gradient, and hence a higher dissipation rate (or
shorter dissipation time), which is in agreement with the
ﬁndings of Abu-Farsakh et al. (2003) and Silva et al. (2006).
However, variation in the OCR will cause other soil properties
to vary, such as the lateral earth pressure coefﬁcient Ko,
undrained shear strength su, and the soil rigidity index Ir. The
OCR effect on the dissipation rate is thus rather complex, and
as yet no effective means of accounting for it has been
developed. As such we have limited our current study to soils
with OCRr1.2, which range the effect of OCR on the
generated pore pressure is insigniﬁcant; the modiﬁcation
factors are thus set to be a function of Ir, Ko, and σ'vo.
Induced from the cavity expansion theory, the soil rigidity
index Ir (¼G/su) has a signiﬁcant effect on the shape of the
cavity and plastic-deforming regions around a penetrating cone
(Schnaid et al., 1997; Yu, 2000). The rigidity index is an
effective measure of a combination of model parameters, and
is available from the cone penetration tests via empirical or
theoretical equations; e.g., Mayne (2001a, 2001b), Yu and
Mitchell (1998), and Lu et al. (2004). Previous studies by for
example Teh and Houlsby (1991) and Burns and Mayne
(2002) have considered the rigidity index as a key parameter in
normalising the dissipation data. The soil conﬁning pressure at
the level of the piezocone ﬁlter element is also addressed as an
effective measure on the dissipation response (Abu-Farsakh
et al., 2003; Robertson, 2009).
Undrained shear strength cannot be directly quantiﬁed from
the MCC parameters. The following equation by Wroth (1984)
Y. Ansari et al. / Soils and Foundations 54 (2014) 1104–11161108and later validated for the Boston Blue Clay (BBC) by Wroth
and Houlsby (1985) expresses the normalised undrained shear
strength of isotropically consolidated clay samples:
su
σ0vo
 
CIUC
¼ 1
2
M
R
r
 ðλ κÞ=λ
ð5Þ
where M is the slope of the critical state line and is related to
its corresponding effective stress angle of friction, φ0, by
M ¼ 6 sinφ
0
3 sinφ0 ð6Þ
In Eq. (5), R is the isotropic overconsolidation ratio, λ and κ
are the slopes of the normal consolidation line and the
unloading-reloading line respectively, r is the spacing ratio
(¼2 for MCC model). For a Ko-consolidated sample under
triaxial compression, the normalised undrained shear strength
can be expressed by (Chang et al., 1999)
su
σ0vo
 
cK0uc
¼ 1
6
Mð1þ2K0Þ
R
2
 ðλ κÞ=λ
ð7Þ
which alternatively for Ko-consolidated MCC soil, Eq. (7) can
be written as
su ¼
1
2
Mp00
R
2
 ðλ κÞ=λ
ð8Þ
with p0o being the in-situ mean effective stress.Table 2
Rigidity index and soil strength of the MCC cases.
MCC1 MCC2 MCC3
Ir 108 328.9 100
su
a 15.4 10.5 12.8
aUndrained shear strengths are calculated at the depth of 5.5 m.
Fig. 3. Finite element simulationThe shear modulus of a MCC soil is not constant and varies
proportional to the mean effective stress:
G¼ ð36υÞK
2ð1þυÞ ð9Þ
where υ is the Poisson's ratio and K is the bulk density of the
soil and a function of the mean effective stress via
K ¼ ð1þeÞp'
κ
ð10Þ
Proper selection of G for the cone penetration problems has been
studied by Mayne (2001a, 2001b) and Schnaid et al. (1997). Two
recommended values of the shear modulus for penetration
problems are G0 the initial state shear modulus, and G50 the
shear modulus at 50% deviatoric stress. In this study, the shear
modulus and undrained shear strength corresponding to the initial
state of the soil at any particular depth are used for simplicity.
Material strength and the soil rigidity index corresponding to
cases MCC1–MCC7 are listed in Table 2. As outlined, the
rigidity indices range between 58 and 478, and undrained shear
strengths range between 9 and 26 kPa at a penetration depth of
about 5.5 m.
The presented ﬁnite element model is compared to the
benchmark numerical–experimental data of Abu-Farsakh et al.
(1998). The MCC parameters used for this simulation are listed
in Table 1. As can be seen in Fig. 3, the present ﬁnite element
model gives comparable results with those of the Abu-Farsakh
et al. (1998) for normally consolidated and overconsolidated
soil specimens at both u1 and u2 cone positions. A simpliﬁed
version of the presented numerical model is employed in orderMCC4 MCC5 MCC6 MCC7
58.1 478 266 368
25.6 17.0 10.3 9.0
of Abu-Farsakh et al. (1998).
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introduced into the ground by a pre-embedded depth of 0.6d or
the effect of OCR on the conﬁning pressure is overlooked. The
initial conditions are determined via a back-analysis of the
presented data. We should note that the use of a pre-bored or
“wished in place” cone (as in Abu-Farsakh et al. (1998)) will
introduce different a initial stress distribution around the cone.Fig. 5. Normalised dissipation curves at various depths (for MCC1).2.3. Numerical penetration and dissipation responses
Fig. 4 shows the robustness of normalisation factors proposed
by Eqs. (2) and (3) in bringing together the dissipation data for
MCC1. Fig. 5 demonstrates variation in the dissipation data with
respect to the depth of penetration for MCC1. The dissipation
rate is shown to proportionally increase with the penetration
depth. This is a consequence of higher excess pore pressure
gradient at higher depths.
The simulated cone tip resistance (qc) for the soil MCC1 is
depicted in Fig. 6. It can be seen that the cone tip resistance
increases with depth and does not reach a constant value. This
is expected because both soil undrained shear strength and soil
stiffness increase with depth. However, the increase in the
cone resistance qc becomes linear for penetrations deeper than
5d (d is the shaft diameter). For MCC1, the cone resistance at a
depth of 1.5 m is 296 kPa which gives a net cone resistance
(qcσvo) of 217.5 kPa if the initial total vertical stress (σvo) at
this depth (with a surcharge load of 50 kPa) is 78.5 kPa. If
su¼18.4 kPa for the element at the shoulder ﬁlter element (u2),
then the cone factor (Nkt) is equal to 12.3. For normally
consolidated clays with an in-situ vertical effective stress of
63 kPa, the normalised cone tip resistance, Qt¼ (qcσvo)/σ'vo,
is 3.46. For normally consolidated clays, Nkt ranges between
10 and 20 with an average of 14 and Qt varies between 2 and 6
with an average of 3.08 (Robertson, 2009).Fig. 4. (a) Dissipation data and (b) normalised3. New interpretation method
In the current work, the normalised time for 50% dissipation
(T50) is selected as the preferred normalised time because it is
less inﬂuenced by the initial variation and redistributions of the
excess pore pressure. MCC1 soil is selected as the ‘reference
case’. This selection is absolutely arbitrary and any other MCC
soil in Table 1 could have been chosen as the reference case.3.1. Criterion for the reference case
MCC1 dissipation curves represent the ‘reference case’
results. The normalised dissipation data for MCC1 and for
permeabilities ranging from 1011 to 107 m/s are shown in
Fig. 4. For this case, a T50 of 3.21 104 was calculated at
a penetration depth of 3 m from the ground surface usingdissipation data for MCC1 (depth: 3 m).
Y. Ansari et al. / Soils and Foundations 54 (2014) 1104–11161110Eq. (3). This value of T50 will be referred to as the ‘reference
criterion’ and will be labelled Tn50 hereinafter.
The sensitivity of T50 to the depth of the dissipation test is
numerically investigated. Fig. 7a reveals how T50 (log scale)
varies with in-situ mean (normal) effective stress shown for
cases MCC1, MCC2, and MCC3. Similar responses were also
observed for soils MCC4–MCC7, suggesting a single depth
correction factor can be used for a range of soil types. In-situ
mean effective stress (p0o) is selected to represent the effect of
the penetration depth on the dissipation data as it captures the
inﬂuence of both the in-situ vertical effective stress and the
lateral conﬁning stresses. It also accounts for the changes in
the soil strength since the lateral earth pressure coefﬁcient and
the soil rigidity index are functions of soil effective stress
friction angle. Numerical analyses are obtained for cone
penetrations in the range of 1 m, 3 m, 5.5 m, 9 m, 11.5 m,
and 22 m. Fig. 7a suggests a bilinear function intersecting at an
equivalent depth of 3.8 m (p'o¼20 kPa). Variation of T50Fig. 6. Numerical simulation of the total cone resistance (for MCC1).
Fig. 7. (a) Variation of T50 with mean effective stress for MCC1, MCC2 anwithin the initial 3 m (p0oo20 kPa) of penetration is signiﬁ-
cant, but this rate of change noticeably decreases for penetra-
tions of greater depth. This response is a result of the change in
the shape and size of the cavity ahead of the penetrometer. As
the depth increases, a higher excess pore pressure along with a
higher hydraulic gradient is developed, which will decay to a
ﬁnal equilibrium condition in a shorter period of time.
In general, piezocone penetration tests are conducted in deep
layers of soil and shallow penetration and dissipation tests are
of less interest. Consequently, a better ﬁt to the variation of T50
with mean effective stress (or penetration depth) considers
only data points corresponding to p0o420 kPa (identical to a
penetration depth of 3 m for the reference case in Fig. 7a). In
an attempt to account for the effect of depth on the value of
T50, a modiﬁcation factor Fd is proposed in the following form:
Fd ¼
σ0v0
σ0v0;ref
 !m
 1þ2K0
1þ2K0;ref
 n
ð11Þ
where
Tn50 ¼ Fd  T50 ð12Þ
and σ'vo is the in-situ vertical effective stress at the u2 ﬁlter
element depth; σ'vo,ref¼27 kPa for the element located at a
depth of 3 m in MCC1 clay; Ko is the at-rest lateral earth
pressure coefﬁcient; Ko,ref¼0.3 (for MCC1); m and n are
correlation factors. Parametric studies on the calibration of
Eq. (12) revealed that values of m¼0.97 and n¼0.75 obtain
the best ﬁt to the normalisation function T50¼Tn50 for the range
of data considered. The maximum error for this correlation is
less than 10%. If a value of 1 is assigned to the constant m, the
error will remain below 15%. Fig. 7b illustrates how Eq. (12)
shifts the T50 values (log scale) for cases presented in Fig. 7a
(ﬁlled squares) to the Tn50 for the reference case (ﬁlled circles).
Selecting more sophisticated modiﬁcation factors brings about
more accurate estimations; however, the strategy here is to
keep this interpretation method simple so as to estimate soil
permeability with minimum number of parameters involved.d MCC3; and (b) modiﬁcation for the effect of depth for case MCC1.
4Table 3
Parameters used for normalisation (cases MCC1–MCC7).
Case Ko Ir T50 (ave)
MCC1 0.3 108 3.21 1004
MCC2 0.56 328 3.18 1004
MCC3 0.43 100 3.52 1004
MCC4 0.43 58 4.15 1004
MCC5 0.45 478 1.35 1004
MCC6 0.53 266 2.18 1004
MCC7 0.62 368 2.05 1004
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3.2.1. Variation of T50 with rigidity index
The valuation of the rigidity index is not straightforward and
requires assumptions in order for it to be quantiﬁed. For
simplicity, the rigidity index is estimated using the soil shear
modulus and the undrained shear strength at the in-situ stress state
prior to penetration (Eqs. (8) and (9)). In reality, the stress state of
the soil changes signiﬁcantly during the cone sounding and also
during the excess pore pressure dissipation. Such variations will
change both the shear stiffness and the undrained shear strength.
For a soil being represented by the modiﬁed Cam-Clay model,
this enforces an assumption on the soil rigidity to remain constant
during the cone penetration and dissipation steps. Variation of the
radial and the mean effective stress components during pile
penetrations has been explicitly explained in Sheng et al. (2007).
The effect of the rigidity index on the dissipation response is
studied by penetrating the piezocone into a range soil types
(MCC1–MCC7). The same boundary conditions and hydro-
static pore pressures are considered for each analysis. Mod-
iﬁcation for the changes in the soil rigidity can be expressed in
the form of a power function as
FIr ¼
Ir
Ir;ref
 k
ð13Þ
where
Tn50 ¼ FIr  T50 ð14Þ
In the above equations, Ir is the rigidity index of the tested soil;
Ir,ref is the rigidity index of MCC1; and k is a correlation
constant. When considering a range of MCC soils, variations in
T50 cannot be merely attributed to changes in the rigidity index.
Differences in both the lateral earth pressure coefﬁcient and in-
situ vertical effective stress (for any soil other than the reference
soil) can also contribute to variations in T50, as discussed in
Section 3.1. To present variations of T50 with respect to the
rigidity index parameter only (represented by triangles in Fig. 8),
the data in Table 3 has been modiﬁed using Eq. (12). The
dissipation rate shows an increase with the soil rigidity; in other
words, the time required for a particular degree of dissipationFig. 8. Modiﬁcation with respect to the rigidity index.decreases when the soil has higher rigidity index. Similar trend
was reported by Teh and Houlsby (1991).3.2.2. Time correction for the combined effects of depth and
rigidity index
In order to normalise the effects of cone radius, penetration
depth and rigidity index, the normalised time is modiﬁed by
Tn50 ¼ T50FdFIrFc
¼ T50
σ0v0
σ0v0;ref
 !m
 1þ2K0
1þ2K0;ref
 n
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
Fd
 Ir=Ir;ref
 k|ﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄ}
FIr
 r
rref
 
|ﬄﬄﬄ{zﬄﬄﬄ}
Fc
ð15Þ
where σ'vo, Ko, and Ir are the in-situ vertical effective stress, the
at-rest earth pressure coefﬁcient, and the rigidity index for any
arbitrary soil, respectively; σ'vo,ref, Ko,ref, and Ir,ref are the
in-situ vertical effective stress, the at-rest earth pressure
coefﬁcient, and the rigidity index for the soil MCC1 (reference
soil at a depth of 3 m from the ground surface), respectively. It
has been well-reported that the dissipation rate varies inversely
with the square root of the cone radius (Baligh and Levadoux,
1986; Teh and Houlsby, 1988; Torstensson, 1977). To enforce
the effect of changes in the cone radii based on the deﬁnition
of the normalised time T, the cone modiﬁcation factor, termed
(r/rref), is added to Eq. (15).
For the reference case (MCC1 at 3m depth), modiﬁcation
factors Fd and FIr are equal to unity and Tn50¼3.21 10,
which represents the reference case. The parameters k, m and n
are correlation constants. Based on the data presented, the
constant k must be quantiﬁed in order to obtain the best ﬁt to
the normalisation function: a horizontal line crossing at
T50¼3.21 104. The best correlation for the cases in
Table 3 with m¼0.97 and n¼0.75 is achieved when
k¼0.48, with a maximum error of 17%. The normalised data
can also be seen in Fig. 9 (symbolised by ﬁlled circles).
Eq. (15) can also be expressed in terms of tn50 and t50. Then,
the time t50 for any selected soil requires a correction through
the following modiﬁcation:
t50
n ¼ t50 
σ
0
v0
σ
0
v0;ref
 !0:97
 1þ2K0
1þ2K0;ref
 0:75
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
Fd
 Ir=Ir;ref
 0:48|ﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄ}
FIr
 r
rref
 2
¼ t50FdFIrFc2 ð16Þ
Fig. 9. (a) Normalised kh t50 graph for the MCC1 soil (log–log scale), (b) kh t50 correlation of Robertson (2010) vs. numerical prediction.
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Tn50 ¼
k  tn50
r
where σ'vo,ref¼27 kPa, Ko,ref¼0.3, and Ir,ref¼108. According
to the deﬁnition of normalised time, T, the cone size
modiﬁcation factor Fc must be squared when the time
parameter t replaces the normalised time T.
Modiﬁcation factors are presented to smooth the progress of
generalising the reference criterion Tn50. As such, a criterion
relating tn50 to the soil permeability, for the reference case
(MCC1), is now required. The following section presents a
criterion to link soil permeability to the selected dissipation
time for normally consolidated clays.3.2.3. General kh t50 correlation
Previously presented kh t50 correlations are either purely
empirical (Schmertmann, 1978; Parez and Fauriel, 1988;
Robertson et al., 1992) or empirical–analytical (Robertson,
2010) and based on a particular set of ﬁeld data. In this study,
we obtain the link between soil permeability and the t50-
dissipation time through a ﬁnite element model. As such, the
soil permeability is a direct model input and not a laboratory
measured parameter thus reducing the range of errors from the
discrepancies between the laboratory measured soil perme-
ability and its corresponding ﬁeld estimates (which will be
discussed in more details in Section 3.3.3).
Fig. 9a plots the numerically derived kh t50 graph on a log–
log scale for the reference soil, MCC1. Comparing fairly well
with the empirical graphs presented earlier (Schmertmann,
1978; Robertson et al., 1992), the numerically-derived kh t50
correlation plots a straight line when the element is located at
the cone shoulder. From this graph we can see that the kh t50
line shows consistent trend with both the empirical kh t50
limits and the experimental data points of Robertson et al.
(1992). Robertson (2009, 2010) updated the empirical kh t50
correlation of Robertson et al. (1992) by incorporating the
effect of soil stiffness parameters: the constraint modulus
and the cone tip resistance. For the reference case MCC1 with
normalised cone tip resistance (Qt) of 3.46, the kh t50prediction demonstrates a fair agreement with the simple
relationship of Robertson (2010) as shown in Fig. 9b. The
resulting kh t50 line by the ﬁnite element method can be
expressed in the form
kh ¼ A=tn50 ð17Þ
where A describes the distance in which a water particle adjacent
to the cone shoulder (u2) travels during the time for 50%
dissipation and its value depends on the parameters investigated
earlier. For the reference soil MCC1, parameter ‘A’ is equal to
6.0 106 m if kh and t50 are in units of m/s and s, respectively.
Eq. (17) shows analogies with the recently updated empiri-
cal equation of Robertson (2010), presented for ﬁne-grained
soils as follows:
kh ¼ 1:67 106
  10 1 logðtn50Þð Þ  γw= Q2t  σ0v0  ð18Þ
where Qt¼ (qcσvo)/σ'vo, and qt is the corrected cone tip
resistance. In both Eqs. (17) and (18), the in-situ vertical
effective stress σ'vo shows an inverse proportionality to the
permeability value. This variation of permeability with σ'vo is
more or less linear in both correlations. A direct proportion-
ality between the rigidity index and the cone resistance (e.g.,
Lu et al., 2004; Yu and Mitchell, 1998) reveals that both
correlations exhibit harmony in predicting lower permeabilities
when the rigidity index (in Eqs. (16) and (17)) or the cone
resistance (in Eq. (18)) increases.3.2.4. Implementation method
To apply the presented interpretation method to a dissipation
data, it is necessary to quantify each of the following: (i) the
rigidity index of the soil, (ii) the depth of the piezocone
dissipation test, (iii) vertical and lateral stresses at the position
of ﬁlter element, (iv) and the measured time for 50%
dissipation. In estimating t50, we need to ensure that the pore
pressures are collected at the shoulder ﬁlter element u2, and the
excess pore pressure is normalised based on the maximum
pore pressure instead of its initial value. Next, the t50 has to be
adjusted in order to replicate the dissipation time for the
Y. Ansari et al. / Soils and Foundations 54 (2014) 1104–1116 1113reference case via Eq. (16). By substituting the tn50 into
Eq. (17), an estimate of kh will be obtained.
Two examples are presented here to demonstrate the
application of the proposed interpretation method. Table 1
lists the MCC soil parameters for two soils denoted as MCC8
and MCC9, which characterise the ‘Kaolin Clay’ and the
‘London Clay’ respectively (Navarro et al., 2007). The
following stepwise procedure provides a detailed explanation
of the soil permeability evaluation using the proposed method
of interpretation:(1) Dissipation test data within the soils MCC8 and MCC9
require normalisations. The excess pore pressure compo-
nent will be normalised by Eq. (2). The time component of
dissipation data does not require any normalisation. The
dissipation response for these two cases is shown in
Fig. 10a. This Figure will be used to measure the 50%
dissipation time. Dissipation of the excess pore pressure
for the case of MCC9 takes place in a signiﬁcantly shorter
period of time because a higher permeability has been
assigned to this soil, as outlined in Table 1.(2)
Table 4
Modiﬁcation parameters.
Ir su
a (kPa) t50 (s) σ'vo (kPa) KoModiﬁcation parameters must be quantiﬁed. These para-
meters include the at-rest lateral earth pressure coefﬁcient
(Ko), vertical effective stress (σ'vo), and the soil rigidity
index (Ir). Table 4 lists these parameters for cases MCC8
and MCC9.MCC8 73 11.0 43,100 51.6 0.61(3)
MCC9 124 9.9 343 51.2 0.56
MPCPT 110 – 148 210 1.00
BBC(R) 73 – 1607 248 0.48
Bothkennar 329 – 30,360 44 0.61
aUndrained shear strength at the depth of 5.5 m.
Table 5
Soil permeability estimation for cases MCC8 and MCC9.To derive tn50, value of t50 has to be modiﬁed via Eq. (16).
For the case of MCC8, tn50 is derived through the following
calculation:
t50
n ¼ 43; 100 51:6
27
 0:97
 1þ2 0:61
1þ2 0:3
 0:75
 73=108 0:48
which gives a tn50 equal to 52,360 s. Similarly, t
n
50 for
MCC9 can be calculated, and will become equal to 552 s.
t50 (s) tn50 (s) kh,lab (m/s) kh,estimate (m/s) Difference (%)(4)MCC8 43,140 52,360 1010 1.14 1010 15
MCC9 343 552 108 1.08 109 9Once the modiﬁed time for 50% dissipation tn50 is obtained,
horizontal permeability can be estimated using Eq. (17).
Table 5 summarises the estimations by the proposed
interpretation method for these two cases.Fig. 10. (a) Dissipation response for MCC8 and MCC3.3. Assessment of the proposed method of interpretation
3.3.1. Check against reported ﬁeld tests
The miniature piezocone penetration and dissipation tests by
Kurup et al. (1994) in a calibration chamber, the dissipation
tests in resedimented Boston Blue Clay (BBC) at the Saugus
site by Whittle et al. (2001), and the dissipation tests by
Lehane and Jardine (1992) in a soft sensitive marine clay at
Bothkennar are shown in Fig. 10b. Table 4 outlines the
principal modiﬁcation parameters while the MCC parameters
for each case are listed in Table 1. Soil permeability predic-
tions for the reported ﬁeld tests are detailed in Table 6.
3.3.2. Comparison with collected ﬁeld test data at Woodberry,
NSW
Piezocone dissipation tests were conducted at a site on the
eastern banks of the Hunter River, near Woodberry, NSW, in
Australia. The data were collected at a depth of 3m, in an 8.5m
thick silty clay layer located at a depth of 1m from the ground.
Pore pressure measurements were carried out using the
shoulder ﬁlter element (u2). A dilative pore pressure response9 and (b) reported piezocone dissipation test data.
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Table 7. Table 8 lists the parameters used to modify the time
component. Using the proposed interpretation method, the
predicted permeability is close to the measured permeability
with a relative error of 19% (Table 6).Table 8
Modiﬁcation parameters for dissipation data in NSW.
Test conducted γt (kN/m
3) Ir σ'vo (kPa) Ko t50 (s)
Woodberry PCDT 18 90.7 58.9 0.455 1150
Ballina Bypass 15.34 50 65.5 0.577 6420
Fig. 11. Measured piezocone dissipation data in New South Wales.3.3.3. Comparison with data at Ballina, NSW
A geotechnical investigation was conducted by the Roads and
Maritime Services, in Ballina, NSW. The top layer at this site
mainly consists of high plasticity clay with traces of organic soil
up to a depth of 5 m. The underlying layers mainly consist of
alluvial high plasticity clays with random traces of silt/sand.
Dissipation test data at a depth of 7 m in highly plastic clay are
shown in Fig. 11. Parameters used for modiﬁcation are outlined
in Table 8. The difference between the estimated soil horizontal
permeability and the laboratory measured value is 42% (Table 6).
The presented interpretation method successfully estimates
the horizontal permeability with discrepancies of less than 42%,
when compared against the laboratory measured values. Differ-
ences in the measured and interpreted soil permeability values
arise from a number of factors. Uncertainties in measuring
necessary model parameters (rigidity index, soil density, initial
in-situ stresses) and also technical deﬁcits of in-situ testing (e.g.,
conducting test with partially-saturated porous elements or
proximity of testing layers to transitional layers) cannot be
captured by the ﬁnite element model. Nonetheless, methods for
continuous soil density measurement are now promising via
nuclear cone penetration tests (Jia et al., 2013) which facilitate
capturing the soil density variations with depth.Table 6
Soil permeability estimation for reported experimental data.
Test conducted t50 (s) tn50 (s) k
MPCPTa 148 681.5
BBC(R)b 1607 11,055
Bothkennar, UKc 30,360 65,097
Woodberry, NSWd 1150 1972 3
Ballina, NSWe 6420 8446
aKurup et al. (1994) and Abu-Farsakh et al. (2003).
bWhittle et al. (2001).
cLehane and Jardine (1992).
dThis study.
eThis study.
Table 7
Measured MCC parameters at two sites in NSW.
Parameter Woodberry cla
Slope of virgin consolidation line, λ 0.126
Slope of recompression/swelling line, κ 0.03
Slope of critical state line, M 1.33
Initial void ratio, eo 1.78
Poisson's ratio, ν0 0.333
Coefﬁcient of lateral earth pressure, Ko 0.455
Dry density, γdry 9.67
Permeability, kh 3.76 109Reports also state that the laboratory measured soil hydrau-
lic conductivity parameters generally differ from those quan-
tities measured in-situ (Gillespie and Campanella, 1981).h (m/s) (lab) kh (m/s) (estimate) Difference (%)
7.4 109 8.8 109 19
3.4 1010 5.42 1010 9
1.0 1010 9.21 1011 18
.76 109 3.04 109 19
5.0 1010 7.1 1010 42
y Ballina clay Unit
0.4 –
0.11 –
0.983 –
2.0 –
0.333 –
0.577 –
8.64 kN/m3
5.0 1010 m/s
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and shearing) in the vicinity of the cone creating a smear zone
in that area while the laboratory test is mostly conducted on
unremoulded specimens. Laboratory tests measure permeabil-
ities in a pre-determined drainage path which is different from
the multi-directional seepage path in piezocone dissipation
tests. This can produce higher errors for tests conducted in
anisotropic strata. Frictionless behaviour at the soil-cone
interface and isotropic drainage behaviour are assumptions
within the ﬁnite element model which can expand the bounds
of error in the estimations. It is crucial not to overlook the
effects of other unseen factors such as variations in the
checmical and biochemical conditions within the clays, which
have been shown to inﬂuence either the permeability value by
orders of magnitude (Li et al., 2013) or the viscous behaviour
of soft marine clays subject to various loading rates and under
temperature variations (Tsutsumi and Tanaka, 2012). Errors in
modifying the disipation time using the proposed modiﬁcation
factors will also add to inaccuracies due to the above-mentioned
factors.
The presented analysis here also suffers from a number of
shortcomings when the analysis conditions are compared with
the actual ﬁeld situation. They can be summarised as follows:
(i) this analysis does not account for the vertical soil-cone
frictional shearing during cone penetration; (ii) the anisotropic
soil drainage behaviour is neglected; (iii) the effect of
variations in soil rigidity and lateral earth pressure coefﬁcient
during piezocone penetration/dissipation are overlooked; and
(iv) the method is only applicable to soils with OCRr1.2.4. Application summary
The algorithm below summarises the stepwise procedure to
estimate kh via the presented interpretation method:(1) Calculate 50% dissipation time, t50, for the measured
dissipation data once the excess pore pressure is normal-
ised by U in the form of
U ¼ utu0
umaxu0
where u0 is the initial (hydrostatic) pore pressure; umax is
the maximum pore pressure recorded since the initiation of
dissipation test; and ut is the pore pressure at time t.(2) Calculate tn50 by modifying t50 for the effect of penetration
depth, in-situ stresses, rigidity index, and cone radius
through the following equation:
tn50 ¼ t50 
σ0v0 ðkPaÞ
27 kPa
 0:97
 1þ2K0
1:6
 0:75
 Ir=108
 0:48  1:784 cm
r ðcmÞ
 2
where σ'vo, Ko, and Ir are in-situ vertical effective stress, at-
rest earth pressure coefﬁcient, and rigidity index of the
tested soil at the u2 porous element position, respectively;
and r is the radius of the piezocone in centimetres.(3) Finally, obtain an estimate of the horizontal permeability
through the following correlation:
kh ðm=sÞ ¼ 6 106=tn50 ðsÞ
In the above formulation, tn50 and kh must be in units of
s and m/s, respectively.5. Conclusion
A new interpretation method is presented to provide
estimates of the soil horizontal permeability from piezocone
dissipation tests. The proposed method is applicable to both
monotonic and dilative dissipation data, but only for soils with
OCRr1.2. The ﬁnite element model and the interpretation
method are validated against previously reported data and two
recent ﬁeld tests in New South Wales.
The proposed interpretation method has been kept to its simplest
by incorporating simple modiﬁcation factors with a minimum
number of parameters. Induced from the numerical runs, t50 was
shown to decrease whenever the soil rigidity index or the mean
effective stress is increased. Given the time for 50% dissipation,
rigidity index, density, in-situ lateral earth pressure coefﬁcient, and
the depth at which the dissipation test is conducted, the value of the
horizontal permeability kh can be estimated.
The presented interpretation method is an initial attempt to
develop a robust method for estimating soil permeability via
piezocone dissipation tests. Since the methodology considers a
large number of MCC parameter sets, and is veriﬁed against a
series of experimental data, the method is expected to be
generally applicable to all normally-slightly overconsolidated
clays, with the effect of anisotropy remaining unseen at
present. In future studies, the method has to be further checked
against a more extensive dataset for various soil types and
under different testing conditions.
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